Rubisco initiates the photosynthetic carbon reduction and photorespiratory carbon oxidation pathways by catalyzing the carboxylation or oxygenation of RuBP (Ogren, 1984) . Rubisco must be converted to an active state for catalytic competence by the addition of CO, and Mg2' at a Lys residue near the active site (Lorimer and Miziorko, 1980) . In vivo, Rubisco activation state is regulated by Rubisco activase, a soluble chloroplast enzyme (Salvucci et al., 1985; . Rubisco activase was identified by characterizing a high-C0,-requiring mutant in Arabidopsis, designated rca, that was unable to activate Rubisco in the light (Somerville et al., 1982) . This mutant was recovered by treating Arubidopsis seeds with the chemical mutagen EMS and then screening the M2 population for mutants that survived at elevated levels of CO, but senesced when grown in air. Rubisco deactivated when rca mutant plants were placed in air, but the purified enzyme appeared to be identical with wild type, indicating that the mutation did not affect Rubisco itself. Comparison of the soluble proteins from mutant and wild-type plants by two-dimensional PAGE revealed that two polypeptides were missing in the mutant (Salvucci et al., 1985) . The polypeptides were subsequently purified and shown to promote the activation of Rubisco at physiological concentrations of CO,, Mg", and RuBP .
Rubisco activase was found by immunological screening to be present in a range of plant species . Most species examined contain two Rubisco activase polypeptides with approximate sizes of 41 and 45 kD. Wemeke et al. (1989) showed that the two polypeptides are encoded by a single nuclear gene in spinach (Spinaceu oleracea L.) and Arabidopsis. Alternative splicing of the spinach Rubisco activase transcript leads to the production of two mRNA populations that differ by a short auxiliary exon (auxon) present in the larger message. The auxon contains a stop codon, which results in early termination of translation and synthesis of the shorter polypeptide. Alternative splicing of the transcript to remove the auxon allowed translation of an additional 37 amino acids at the C-terminal end, and the 45-kD polypeptide is synthesized. In Arabidopsis, altemative splicing of the Rubisco activase transcript leads to the synthesis of 42-and 46-kD polypeptides. In barley (Hordeum vulgaris) there are two Rubisco activase genes, which occur in tandem, one gene encoding two mRNAs by altemative splicing and the second gene encoding a third mRNA (Rundle and Zielinski, 1991) .
Rubisco activase polypeptides were not found and did not appear to be synthesized in the rca mutant (Salvucci et al., 1985; Werneke et al., 1988) . However, when northern blot analysis was used with a 0.5-kb Rubisco activase cDNA probe to the 3' end of the mRNA, two bands of approximately 1.8 and 2.0 kb in length were revealed with mutant Arabidopsis mRNA, whereas wild-type Arabidopsis mRNA contained a single 1.9-kb band (Werneke et al., 1988) . A11 Rubisco activase cDNA clones recovered from an Arabidopsis rca mutant library contained normal 3' sequences, but no full-length Plant Physiol. Vol. 102, 1993 cDNAs were isolated. These results suggested that a mutation at the 5' end of the gene disrupted normal pre-mRNA splicing, which in turn prevented synthesis of the Rubisco activase polypeptides (Werneke et al., 1988) . To identify the lesion creating the rca phenotype, genomic and cDNA clones were isolated from the mutant and the sequences were compared with wild type. In addition, northern analysis was performed to characterize further the mRNA products resulting from the mutation.
MATERIALS AND METHODS

Plant Material and Crowth Conditions
Arabidopsis thaliana (L.) Heynh. Columbia wild-type and rca mutant plants (Somerville et al., 1982) were grown in pots half filled with perlite and covered with Jiffy Mix3 (a vermiculite, peat moss, soil mixture). Seeds were evenly distributed on the soil surface using a 0.1% agarose suspension in a pasteur pipette, and the pots were covered with plastic wrap. When the first true leaves expanded the plastic wrap was gradually removed over severa1 days. Plants were grown at 22OC and supplemented with 100% C02 to maintain an atmosphere of about 1% C02.
Construction of the rca Cenomic DNA Library
Nuclei were isolated from the rca mutant Arabidopsis by grinding leaves in an extraction buffer (250 mM SUC, 200 mM NaCl, 10 mM MgC12, 5 mM DTT, and 100 mM Tris [pH 9.0]), filtering through Miracloth, and centrifuging at 9000g for 10 min. The pellet was resuspended in 50 mL of buffer containing 100 mM EDTA (pH &O), 0.5% sarcosyl, and 200 pg/mL of proteinase K and incubated at 5OoC for 1 h.
The genomic DNA was partially digested with Sau3A for 1.5 to 2.5 min, extracted with phenol, and precipitated with 0.2 M NaCl in 2.0 volumes of ethanol. The digested DNA was cloned into the BamHI site of EMBL4 and packaged in vitro using the Gigapack Plus Kit (Stratagene). The library contained approximately 30,000 clones. DNA probes were prepared by random hexamer labeling using [ c x -~~P I~A T P . Approximately 25 to 50 ng of DNA were denatured by boiling and then chilled on ice. The labeled strands were synthesized by adding 0.05 A260 units of random hexamers (Pharmacia), 50 pCi of 6000 Ci mmol-' of [ C X -~~P J~A T P , and 0.5 units of Sequenase (United States Biochemical) in a reaction buffer containing 100 mM Mops-NaOH (pH 6.6), 5 mM MgC12, 1 m~ DTT, 50 pg mL-' of BSA, and 20 PM each dGTP, dCTP, and dTTP. The reaction incubated at 37OC for 1 h. Unincorporated nucleotides were then removed by G-100 Sephadex column chromatography.
Hybridization Screening of Libraries
Genomic and cDNA libraries were screened by hybridization essentially as described by Maniatis et al. (1982) . The rca Mention of a trademark, proprietary product, or vendor does not constitute a guarantee or warranty of the product by the U.S. Department of Agriculture and does not imply its approval to the exclusion of other products or vendors that may also be suitable. mutant libraries were plated with top agar using host Escherichia coli strain Y1088 and incubated at 37OC ovemight.
Phage DNA was bound to nitrocellulose and denatured. Filters were prehybridized for 30 to 60 min at 65OC in 675 mM NaCl, 5 mM EDTA, and 50 m~ NaH2P04/Na2HP04 (pH 7.4), 5X Denhardt's solution (0.1% Ficoll, 0.1% PVP, and 0.1% BSA), 0.5% SDS, and 200 pg mL-' of denatured salmon sperm DNA. Approximately 106 cpm of probe per mL of hybridization solution was denatured in a boiling water bath and added to the same solution. The filters were hybridized at 65OC for 10 to 24 h.
lsolation of rca cDNA Clones
Total RNA was isolated from a single rca mutant Arabidopsis plant as described by Verwoerd et al. (1989) . Total RNA was then hybridized with the synthetic oligonucleotide 5'-at 48OC overnight in a buffer containing 400 mM NaCl, 40 mM Pipes (pH 6 4 , 1 m~ EDTA, 50% formamide, and 30 units of RNA-guard (Promega Biotec). cDNA was synthesized from the hybrids in primer extension buffer (50 mM Tris HCl [pH 8.01, 70 mM KCl, 6 mM MgCI2, 10 mM DTT, 500 FM deoxynucleotide triphosphate, 250 pg mL-' of BSA, 30 units of RNA-guard), and 5 units of avian myeloblastosis virus reverse transcriptase (BRL) for 1 h at 37OC (Wemeke et al., 1989) . The reaction was stopped with 20 m~ EDTA and the cDNA precipitated with 0.3 M sodium acetate and 2 volumes of ethanol. The pellet was resuspended in water, and 0.1 volume was used for PCR amplification (Kawasaki, 1990 ) of the rca cDNA using the GeneAmp Kit (Perkin-Elmer Cetus). The cDNA was amplified for 30 cycles with 50 pmol of each primer (5' primer 5'-GGATCCGACGCATATCTCGTCG-CAGTCTTGAGATATGGCC-3' and 3' primer listed above) under the following conditions: denaturation for 2 min at 94OC, annealing for 2 min at 6OoC, and extension for 4 min at 72OC. The PCR product was cloned into pTZ-18U BamHI and KpnI restriction sites.
TCAGCTGCCTCACGGTACCTCTGACGGATAAGCTT-3 '
Northern Blot Analysis
Total RNA was fractionated on 1.2% agarose gels containing formaldehyde and transferred to nitrocellulose in 3 M NaCl 3 M sodium citrate (pH 7.0) by capillary blot ovemight (Maniatis et al., 1982) . The filters were dried and baked for 1 h at 90OC. Prehybridization and hybridization procedures were as described above for screening libraries. TAATTTATAA AGGTTTTACT GTACTTCATT TTCTAACCTC AGTATGTTAA AAGTCATGTA TGTGTACTAA GAATCAAACC TGGCACGCM  ACTTTTGCTA ATTTTGTCAC ATACAGTTAA CATTTAGCAT TGTGCGAGTA GCTCCACCAC ATTATTATCA ATCGTTTGGT TCTTCAACAT GTCTTATATA  TGGATCAATA ATAGTTTAAT ATCATATCAG TAATCTTTGT TCTCTTGTCT TGCATGTAGA ACATGTACAT ATTGCTTCGT CGGCAGCGAA TGAAGCCTAA  AATTAAAATT TGGTTTTGTC CATTGATGAT ATGATGGCTC GTTCCACATG AGAGAATGGT TGAGAAAACT GAAAATAATG AAGAGGATGA GAMTTATAA  IGATCAGACA AGTGAAGTGT TTCATTTTAT AGCTTAGTGT AGAAAACGAT TGCTTGTGAT TGTGAATATA TAGTTTTAGA TGAGTTGTTT TTATAGTAAC  ITTGAGGGAA CAATAAACTA TGATATAGTT ATCATTTTTA TTTTAAAACA AGTAAATTCA TATGAATTTC TGATATATTC ATATTTTCAC TATGAATTTA  AACACTATAA TCTTATTTCA TAT-TTTAGCA TATGATATTT TGCATGATGC TATCTTAGCC TCGACTATCT TTACTTCATC TTCTAAACTA TATATTTATC  AAATCTTACG TATGCATTGC ATCACTTGTT TTTACATTTT GTGTAAAGAA AAAGTTGCAT TAATTAGTTT TTAGCGGTTT AGTACAATAT GGTTAATTTG  ATAACCACAT ACTTGATACC TGTTGTATCT AGAGTTGTAT ATAACAAAAT TAGAATTATA TTCTATTGGC TAAGCCAATT TCTCTCCACC AATCAGTTTA  CATCGGTTAT TTGGAACATT ATTATCGATA AGCAATGTCA TTATCCAAAA TTTTGGAATG TTATCGTATG AAGAAGAGTG TAGAAGTATC TTGATCACAT  ATGAATGGCT TACCTCAATC transcription and gel fractionation were done as described by Werneke (1989) .
RESULTS
Genomic Sequence of the Rubisco Activase Gene
The nucleotide sequence for a 3974-nucleotide region of the Arabidopsis genome containing the Rca gene is given in Figure 1 . By comparison with the cDNA sequence , the gene contains six introns, as do the spinach gene and one of the two barley genes (Rundle and Zielinski, 1991) . As reported previously , alternative splicing can occur in intron 6 to give the 42-and 46-kD polypeptides seen in extracts of wild-type Arabidopsis leaves (Werneke et al., 1988) .
Northern Blot Analysis
Arabidopsis wild-type and rca mutant mRNA were subjected to northern blot analysis with three different probes. A full-length cDNA probe revealed three aberrant transcripts in the mutant, approximately 0.5, 1.8, and 2.0 kb in length, and a single 1.9-kb transcript in the wild-type ( Fig. 2A) . A 5' -specific probe containing exons 1 and 2 annealed with the 0.5-and 2.0-kb transcripts (Fig. 2B) , whereas a 3'-specific probe containing exons 6 and 7 used previously (Werneke et al., 1988) annealed with the 1.8-and 2.0-kb transcripts (Fig.  2C) . Additionally, a probe specific for exon 3 also hybridized with the 0.5-kb mRNA (data not shown). These results indicate that the lesion in the rca mutant disrupts normal processing of the Rubisco activase pre-mRNA. Two aberrant transcripts were produced that contained either the 5' end (0.5 kb) or 3' end (1.8 kb) of the wild-type mRNA but not both ends. The presence of the 2.0-kb transcript, which is larger than wild-type mRNA, indicates that an incompletely spliced precursor also accumulates.
Analysis of cDNA Clones
Four cDNA clones positive for Rubisco activase were isolated from the rca mutant library. These were subcloned into pTZ-18U and sequenced. Each of the cDNAs contained wildtype sequences from the 3' end of the message and intron 3 sequences up to 13 nucleotides from the 5' junction of the intron. No cDNAs containing regions upstream from intron 3 were isolated.
Reverse transcription and PCR amplification were used to isolate cDNAs from the large, 2.0-kb transcript observed in the northern analysis.-A PCR product corresponding to nucleotides 45 to 697 in the wild-type cDNA pARABIS (Werneke and ; nucleotides 1379-1404, exons 1-3, and nucleotides 2714-2797 in Fig. 1 ) was generated with total RNA from a single rca mutant Arabidopsis plant. The fragment was cloned into Hindlll and Kpnl sites of pTZ-18U and sequenced. The cDNA was identical with wild type in this region except that intron 3 was retained and a G-to-A transition was observed in the conserved GT dinucleotide at the 5'-splice junction (data not shown). Introns 1 and 2 were not present, indicating that the amplification product was derived from mRNA and not from genomic DNA.
Analysis of Genomic Clones
Three positive Rubisco activase clones were isolated from the rca mutant Arabidopsis genomic library. The inserts were subcloned into pTZ-18U and partially mapped by restriction analysis. One 6.5-kb clone produced a restriction fragment pattern identical with that of the wild-type genomic clone. EcoRI and Htndlll digestion fragments that hybridized with the wild-type cDNA were then subcloned and sequenced. As observed with the cDNAs, the genomic clone contained a Gto-A transition at the 5'-splice junction of intron 3 (Fig. 3) .
Primer Extension Analysis
Reverse transcription was performed with total RNA from the rca mutant by using a synthetic oligonucleotide down- G A T C P Figure 4 . Primer extension analysis of the intron 3 region of rca Rubisco activase mRNA. The product of the primer extension reaction (P) was electrophoresed adjacent to dideoxy DNA-sequencing reactions (C, A, T, C) using the same "P-labeled primer. Extension was blocked at a putative lariat branch point (arrow).
stream from intron 3 to determine the 5' end of the 1.8-kb transcript (Fig. 4) . The primer extension reaction terminated at a U residue (nucleotide 2518 in Fig. 1 ), adjacent to a putative lariat formation site (TTGAT, nucleotides 2512-2516 in Fig. 1) . No band was visible at the position corresponding to the 5' end of intron 3. These results suggest that a lariat structure in the mRNA may have blocked reverse transcriptase from proceeding through the branch point.
DISCUSSION
The coding sequences of most eukaryotic genes contain introns that are removed by the process of mRNA splicing. In mammalian and yeast systems, intron splicing involves two transesterifications (Aebi et al., 1986) . First, the 5' end of the intron is cleaved and the 5' phosphate is covalently linked to a 2' hydroxyl within the intron, forming a lariat. Two intermediates are created, the linear upstream coding region (exon) and the lariat-intron attached to the downstream exon. In the second step, the 3' end of the intron is cleaved and the two exons are joined. The products of the reaction are the spliced exons and the lariat intermediate of the intron.
Comparatively little is known about splicing of plant introns. However, more than 80% of plant protein-coding genes contain introns ranging in size from 70 nucleotides to more than 1000 nucleotides (Goodall and Filipowicz, 1989) . Most characterized introns are flanked by a conserved GT at the 5' end and conserved AG at the 3' end (Goodall et al., 1991) . Although lariat formation has not been demonstrated in plants, indirect evidence for branching was obtained by mutation of putative branch points in synthetic introns, which reduced splicing efficiency (Goodall and Filipowicz, 1989) . Plant introns do not contain a strong conserved sequence for branch point selection, but a weak consensus similar to vertebrate branch points is located 20 to 40 nucleotides upstream from the 3'-splice site (Brown, 1986 ).
The sequences of genomic and cDNA clones isolated from rca mutant Arabidopsis revealed that an alteration in the 5'-splice junction of intron 3 was responsible for the rca phenotype. The cDNA clones obtained by library screening contained normal 3' sequences. However, no full-length clones were obtained, and each of the cDNAs terminated within intron 3 sequences near the 5' end. Sequence analysis of two independent cDNA clones generated by reverse transcription and PCR amplification showed that these also contained intron 3 and that a mutation had occurred at the 5'-splice site that converted the consensus GT dinucleotide to AT. Comparison of wild-type and rca genomic clones confirmed that a G-to-A transition had occurred at this position.
Northern analysis showed that three aberrant messages are produced as a result of the rca mutation. The presence of two bands corresponding to exons 1 through 3 and exons 4 through 7 indicate that the 5' end of the intron was cleaved, but further processing was disrupted. A third band approximately 100 bp larger than wild type was found to be the fulllength cDNA containing intron 3, indicating that efficiency of cleavage at the 5' end was reduced. There was no evidence that cryptic splice sites were utilized. No additional bands were observed in northern analysis, and only the single product from the unspliced precursor was generated by PCR amplification across this region of the mRNA.
Possible structures of the three aberrant mRNAs found in the rca mutant, based on the analyses described above, are given in Figure 5 . These structures are consistent with reports of similar mutations in yeast. In normal intron splicing, premRNA is first cleaved at the 5' junction at a conserved GT, producing a linear upstream segment and a downstream lariat intermediate in which the 5' end of the intron is covalently linked to an A residue near the 3'-splice site (Aebi et al., 1986) . The GT consensus is not required for cleavage at the 5' junction or lariat formation but is necessary for subsequent cleavage at the 3' junction in yeast and mammalian systems (Aebi et al., 1986; Vijayraghavan et al., 1986) . Mutations in the conserved 5' GT dinucleotide in yeast introns result in accumulation of splicing intermediates including precursor mRNA, the linear upstream moiety, and the lariat intermediate attached to the downstream coding region. In contrast, mammalian systems are able to activate cryptic splice sites in the intron and adjacent exon or to utilize the 5'-GT dinucleotide from the preceding intron. In this case, aberrant mRNAs are produced that are larger or smaller than the wild-type message, depending on where the alternative splice sites are located.
Northern analysis and the cDNA sequence analysis dem-
or -rr onstrated that the rca mutation results in aborted splicing after cleavage of the intron at the 5' end, but it was unclear whether the 3' intermediate moiety (1.8-kb mRNA) contains the entire intron 3 or was present in lariat form. Primer extension into the intron stopped at a U residue at a putative lariat branch point, suggesting that the message was in a lariat form. However, severa1 cDNA clones extended to the 5' end of the intron and terminated at a poly(T) region, whereas no cDNAs were isolated that ended near the branch point. Because full-length clones were also not recovered from the library, reverse transcription from the 2.0-kb mRNA may simply have terminated at the poly(T) tract during firststrand synthesis of the cDNA. Attempts to perform primer extension reactions from sites interna1 to the intron also terminated in the poly(T) region, which supports this interpretation. Thus, it is certain that the 1.8-kb message contains exons 4 to 7 and most or a11 of intron 3, but it is not known whether the intron is linear or in the form of a lariat. A comparison of the mRNAs preceding and following treatment with a debranching enzyme could clarify this point (Reed and Maniatis, 1985) .
The rca mutant was obtained by treatment of Arabidopsis seeds (Somerville et al., 1982) . The primary mode of action is alkylation of guanine to methylguanine, an analog of adenine (Kreig, 1963) . During replication, methylguanine is paired with thymine, and the original guanine is subsequently replaced by adenine in the next round of replication. This is consistent with the findings in the rca mutant.
The data presented here demonstrate that the Arabidopsis Rubisco activase phenotype is caused by a mutation in intron 3 of the rca gene. A conversion of the consensus GT dinucleotide to AT at the 5'-splice junction results in inefficient splicing of the mRNA. No accurate wild-type transcripts are produced and, therefore, no Rubisco activase polypeptides result. The rca mutant has a stably inherited mutation that leads to the accumulation of mRNA splicing intermediates. Future analysis of these intermediates may provide valuable information about RNA-processing mechanisms in plants. Additionally, because the rca strain is a Rubisco activase nu11 mutant, it provides a n excellent system in which to systematically and directly test mutant enzymes prepared by directed mutagenesis for their effect in vivo after transformation and regeneration and for determining the importance of Rubisco activase in regulating photosynthesis. the introks of 'plant nuclear pre-mRNAs are reqhred fd splicing.
